Are There Sensible Models
of Dark Energy?
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IS HINCHLIFFE’S RULE TRUE? -

Abstract

Hinchliffe has

on with a
ertion is false,

but only if it is true.
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Wilson vs Occam

Theories Models
DE is hard to embed into a full A cosmological constant is a
theory of all of physics great description of DE
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Outline

What do we know?
eq of state and tima&lependence

What do we expect?
EFTs & domain of semiclassical method:
Scales and the lownergy limit

A case for light scalars?
Powercounting (againsHorndesk)
A way forward?






Properties of Dark Energy

Total abundance

Riess et al. (2019)

Accelerated expansion is
well-described by a
cosmological constart

BOSS DR12

DR14 quasars

Planck 201¢
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Table 2. Parameter 68% intervals for the base-ACDM model from Planck CMB power spectra, in combination with CMB lensing reconstruction

and BAO.

Planck Collaboration: Planck 2018 results. VI.
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Supernova Cosmology Project
Amanullah, et al., Ap.J. (2010)

No Big (- | | | Properties of Dark Energ

4Bang

Total abundance

Union2 SN la
Compilation

Riess et al. (2019)

BOSS DR12

DR14 quasars

Planck 2018




Properties of Dark Energy

Planck 201¢

WNJ

Equation of state

Planck TT,TE,EE+lowE+lensing

+BAO/RSD+WL

p=wp

n X a—3(1—|—w)

Such models arg
nonetheless explored
because they can be testg¢d
by observations

Timedependence o
DE density is not
required by the dat




Modelsvs Theories

Planck 201¢

WNJ

Planck TT,TE EE+lowE B Planck TT,TE,EE+lowE+lensing B Planck TT,TE EE+lowE+lensing+BAO
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Curvature of space

Yet ALL viable theories of gravity hgve Addition of spatial curvature
a curvature parametek also not required by the daja







PIancIA< scale

cosmology

Life at Low Energies

Nature comes to us with many scales ant

effects of higher energy physics can be

captured at low energies using a
Wilsonian EFT

What does this say* about what is
expected on cosmological scales (the
lowest energies to which we have access)

(*NOT the Swampland program)



PIancIA< scale

cosmology

Life at Low Energies

Integrating out particles of mass>>> R:

0Ly = \/—g<CQ-|—ClR—|—CQR2—|—c3R3_|_...)

1 Yy
0 = Ty 27 e

1 - b
= T 20 2




PIancIA< scale

Life at Low Energies

0Ly = \/—g(CQ+ClR+CgR2—|—C3R3_|_...)

1 R
Co — (471')2 Z(—)animi
]_ u F. b@
[CS (47_‘_)2 Z(_) Zm—? J

Smallesimass wins (in D dims) for interaction:
with dimension greater than D¢t Planck size)

cosmology



PIancIA< scale

Life at Low Energies

0Ly = \/—g(CQ+ClR+CgR2—|—C3R3_|_...)

1 F; 4
[CO = (e 2(0) ]
c3 = (472 Z(—) m—f

Smallesmass wins (in D dims) for interaction:
with dimension greater than D¢t Planck size)

Largestmass wins (in D dims) for interaction:
with dimension less than D (usuallK scale in
4D or string scale in highe) D

cosmology



PIancIA< scale

Life at Low Energies

0Ly = \/—g(CQ+ClR+CgR2—|—C3R3_|_...)

1 R
0 = Ty 27"
C3 — (47_‘_)2 Z(_) Zm—?

Crucial exception: when symmetries forbjc
otherwise big contributions

(eg ¢, = O forunbroken supersymmetry because
ag=a-andmg= m:- so bosons cancel fermigns

cosmology



PIancIA< scale

2 K| 1Qa GKS

Cosmologists measure curvature, which
IS relatively simply related tq,

/\tot
[ Rp,y — W g,uv J
A p

o7 2. (-

m; <A

)\tot /\0

For electron this requires cancelation of 32
decimal places betweeln, and loop

For top quark this requires cancelation of 54
decimal places betweeh, and loop

cosmology



PIancIA< scale

2 K| 1Qa GKS

Nature has many hierarchies (not just in
particle physickand this is not what
happens foranyof the others

A Other known hierarchies are all
Yechnically naturdd Y

( . .
If & measured coupling, issmall

thengis small fomny EFTh which
one cares to ask the questio

\.

a A common sufficient condition: if there is more
v symmetry in the limig = 0ot YHooft natural) v

cosmology



Why this?

Seek a reason why quantum
contributions to vacuum energies are
eithersmallor do not gravitate.

BUTsuccess of equivalence principle also
requires quantum energies to gravitate in
atoms and nuclei.

Cannot solve this at high energies
because even thelectronhas a problem



The Dark Energy Opportunity

The success of cosmologgguiresNature to have a
feature that is NOT generic at low energies

There are many models of tirsependent Dark
Energy and cosmological observations alone cannot
distinguish amongst most of them.

Yet embedding them into the rest of physics is difficult
enough that it has not been convincingly done.

This is likely a crucial clue: If an example can be found
it is likely how Nature works.
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A LightScalar Surprise

Particle physicists usually argue that light scalar fields
are also NOT generic at low energies

A technically natural Dark Energy density makes them
morelikely rather than less likely

BUT we are likely looking for them in the wrong way
(by doing so usinggHorndeskimodels).



Light Gravitating Scalars

What should the lowenergy dynamics of
gravitating scalars look like?

L = —V=g| v U(®) + MZR + 5 [2Gus(6)0u6"0"¢" + caR2 + - |



Light Gravitating Scalars

What should the lowenergy dynamics of
gravitating scalars look like?

Lo = —v/=g[v"U(9) + SMER { EM2 Go(9)0,0°06" + c2R* + - |

It is technically natural fdrto be large, so choode=M, for simplicity



Light Gravitating Scalars

What should the lowenergy dynamics of
gravitating scalars look like?

Ly = —/=g|v*U($) + MR+ M} Gap($)0,,0" 0" ¢" + ca R + - ]

It is technically natural fdrto be large, so choode=M, for simplicity
M? Ry + M7 Gab(6)0,0°0,8° + v*U(d)guy + -+ =0

M2 VMV 10" + T5.0,0"0" 6| — v*ga,U + - = 0

It is technically natural forto be large, but we must keegg = HM
with H<<M if the derivative expansion is to be valitig cc probler%



Light Gravitating Scalars

What should the lowenergy dynamics of
gravitating scalars look like?

Ly = —/=g|v*U(¢) + MR+ $ M, Gap($)0,0" 0" ¢" + coR* + - ]

~ N
2 2
If vis small and 1tJ andG are order v v

unity then the scalar mass |s enerically: # ™ ~ T
. % g y. f Mp )

In a world where it is understood why the cc problem is solvec
any gravitationally coupled scalar has a Hubftale mass!

astro-ph/0107573



Light Gravitating Scalars

Will now argue why the derivative expansiorcanpulsory
If one workssemiclassicallfas everyone does)

—/=g|v*U(¢) + AM2R + L M? Gop($)9, 0" 0" 9"
C
e R4+ — R34 ...
m
Evaluate a correlation function withexternal

lines,Lloops anav, vertices involvingl, derivatives
with curvatureH and external moment&/a=H



Light Gravitating Scalars

Will now argue why the derivative expansiorcanpulsory
If one workssemiclassicallfas everyone does)

—/=g|v*U(¢) + AM2R + L M? Gop($)9, 0" 0" 9"
C
e R4+ — R34 ...
m
Evaluate a correlation function withexternal

lines,Lloops anav, vertices involvingl, derivatives
with curvatureH and external moment&/a=H

0902.4465
1708.07443




Light Gravitating Scalars

This shows what controls semiclassical perturbation thec

H2 FE—1 H 2L
Bp(H) = M, (ﬁ) (47TM)
P

[ ()] T ()

4 )

H 2
Each loop costs:
47 M,

. J

The semiclassical approximatiocglieson
the derivative expansion




Light Gravitating Scalars

This shows what controls semiclassical perturbation thec

H2 FEF—1 H 2L
Bo(H) =~ M, (ﬁ) (47TM)
P P

T[] I ()

Each highederivative ( H )2 (H)d”4

M,y

Interaction costs amdditional -

4- and higherderivative interactions aralwayssuppressed at low
energies when the semiclassical approximation is under control



Light Gravitating Scalars

This shows what controls semiclassical perturbation thec

H2 FEF—1 H 2L
Bo(H) =~ M, (ﬁ) (47TM)
P P

T[] I ()

4
Each zeralerivative interaction v
amplifiesby anadditional H2M?2

This generically undermines the derivative expansior
(and semiclassical control)

It need not be a problenf v2=HM, or smaller



Light Gravitating Scalars

This shows what controls semiclassical perturbation thec

H2 E-1 H 2L
Bi(H) = M, (ﬁ) (47TM)
p p

T[] I ()

[ There igno penaltyfor 2-derivative terms]

This is why GR nonlinearities cannot be
neglected at low energies

It also shows that -2lerivative scalar interactions scale the
same as does GR (and are similar in size Whe¥i,)



Light Gravitating Scalars

We should expect twalerivative scalar selfhteractions to compete
with GR for any scalars light enough to be relevant in cosmology

a BAD NEWS N\

Almost all efforts at testing scakiensor theories
for simplicity specialize to a single scalar

Two-derivative interactions can be removed using
a field redefinition if the metri€s,, is flat

\For all singldield models the metri€s,, is flat/

This is why it is so difficult to get singlealar €gHorndeski
models) to be competitive with gravity at low energies






Is progress on the CC problen
possible?

The missing step is to have a technically natural explanation for
why the scaler of the scalar potential should be small.

Best scenario so far uses the interplay between supersymmetry
(of the gravity sector) and accidental scale invariance, such as
suggested by lovenergy stringzacua

YogaModelsiziA S G KSaS a4@YYSUNRSE (2
mechanism that does suppress the vacuum energy (and improve
on extradimensional approaches to the cosmological constant

problem).

These models also imply the existence of multiple light scalars,
as seems generic to approaches to Technically Natural cc.



Scaling Symmetries

Stringvacua(and therefore also essentially all
extradimensional supergravities) share a clas

of accidental approximate scaling symmetri

gl,ujﬁ)\rguy () N () f—)Apo‘f

e

Witten 85
CPB, Font & Quevedo

8°

2006.06694




Scaling Symmetries

Stringvacua(and therefore also essentially all
extradimensional supergravities) share a clas
of accidental approximate scaling symmetrie:

gl,ujﬁ)\rguy () N () f—)Apo‘f

WHY ?String theory has no parameters so al
perturbative expansions are in powers of field:

L= fan®" V"

O 5 NP U — \U L — \TPtna



Evidence for Accidental Scalin
[, )

1D sugra: F = PZ

SMN /128MN
Aynp — /13AMNP
k + fermion transfns J

(1 0D IIB sugra: %5 — /14“33\

gun = A'8un  Byy = A** "By

Cyun = A" Cyy 7 = A2w-u)g

2u
and so on for Type | and IIA and Cunpr = 4™ Cyvpr

heteroticvacuacorresponding to + fermion transfns
g.andaQ SEL} YAA2V A DD Y,




Accidental Scaling can enforce V = 0 at extremt

V(APo) = A"V (o)
4 R
Zpicb" (%) = wV(¢)

ng =0 then® V=0

\_ Yy,
- o v o)
s a¢f PP opiogi ~ " o

V =0 despite scaling symmetry
being spontaneously broken! if ¢=0 then" a_V_ =0

l

\_ J




Corrections to scaling

Not actually a symmetry
L - \YYL

Even if it were a classica
symmetry, it is usually
anomalous

Scale-breaking potential

Peccei et al 87
Wetterich88

Weinberg No GdEven if
unbroken, scale inv canna
forbid lifting of flat direction

Weinberg 89

Restricting the lifting of flat direction Scale-Invarant polit
Is where supersymmetry might hel

2006.06694



Scaling and 4D Supersymmetr

Can supersymmetry combinf( )
with scale invariance to| ¥ = Jd49 DD K3
suppress lifting of flat
directions? _
+ [d29[¢3W + fabgf’a?b] +e.c.
4Dsusyspecified by functions;\ )
KQZk)! W(Z)1 gb(z) ( , , X
ZLiin = —+/—8 Ki;0,2" "7
r N )
~ V(z,Z) = eX| K DWDW - 3| W
L,=+/—ge EI3R @ =] W= 31WP
\_ Y, DW=W,+KW

. v,




Scaling and 4D Supersymmetr

Can supersymmetry combini,( )
with scale invariance to| ¥ = Jd49 DD K3
suppress lifting of flat

directions? X _
+[d 9[¢3W + ngg‘r@b] +e.c.

4Dsusyspecified by functions;\ >
KQZk)! W(Z)1 gb(z) ( \

‘gkin = =48 I(ijayzi ayzj

Scale invariance implies ruleg
for howW, f, andeX3scale
as the fieldz scale

Vz,2) = e¥|K DWDW - 3| WP|

DW= W, +K,W

- Y




Scaling and 4D Supersymmetr

No-Scale supergravitgcalar ~
potential has a flat direction [ i ;i 17/ implies e 3 - 1e X3
along whiclsusybreaks

Cremmeret al 83
Barbieri et al 85

then KVKK;=3

k ‘no-scale’ model

J
Special things happenafis /7 . ~ A
homogeneous degree 1: T W;=0 then
Sufficient condition for necale V= eK[Ki]_KiI(j - 3] |WI*=0
model, so provides flat directions
along whichsusyis broken DW=W,+K;W=KW#0

\_ Wy,

0811.1503



Scaling and 4D Supersymmetr

Scale invariance ssifficientfor no-
scalesupergravity, buts not necessary

e BB =T 4T + f(z,2%)

No-scale condition is sufficient for flat
directions, but is also not necessary

A Generalised No-Scale

A completely contains B: 5
« 0 = det (9,0ze=") eg. e =[FX.%) - 17| |[Wy)|" ¢B

B Axionic No-Scale 5 e
completely contains C:

« 0 = det (9,0z¢=7") eg.K(T+T,G+G,S5,5)

. aTW =0, K(T, T) il K(T+ T) = K(T+ T+Z(G+ G,S,S))+K(S,S) &C

C Standard No-Scale C completely contains D:
« KABK K5 =3 eg.K=-3In(T+T-A(Z2)) ¢D

D Scaling No-Scale
«K(A"T+T)) =KT+T)-3wln(d)

2006.06694



A mechanism

Flat directions can persist in-acale models to
higher orders than naively expect

e.g. supposé&-1is an expansion field and scale
Invariance gives leading scale invariant resul

G_K/S — AO d

Flat directions can persist stibleading
2 NRSNJ Wo e

e_K/S:AOCI)+A1

though are eventually lifted

scale invariant & nescale

Not scale invariant
but still nescale

_ A
neither € K/SZAO(I)‘FAl"l’EQ



Extended Nebcale Structure

Thisactually happens some string
compactifications

Berg, Haack & Kors 05
Berg, Haack & Pajer 07
Cicolj Conlon & Quevedo 08

B #\1—n
e~ K/3 _ (1 — 7_>|<)1/3AOVQ/3 1+ ST (r—7") " 4.

corresponding to an@string loop correction

These corrections preserve the flat directiol
for Vto orderaQwhen evaluated ab,W = 0



Supergravity Coupled timonSUS¥hatter

How to couple this to SM fields?

How can supersymmetry play a role at low energies whe
we know the Standard Model is not supersymmetric



Supersymmetric Gravity Sector

2 _ 2 2
Am* =m3, —ms ~ gF

Gravitymultiplettypically split by less than others
because gravity is a weak force

SM sector gravity sector



Supersymmetric Gravity Sector

General coupling of supergravity to
nonsupersymmetrimatter is known

UV cutoff Komargodskg Seibergd9
> ergshoefet al' 15

Dallagata& Farakodl5

Schilloet al 15
Antoniadis et al 21

Dudaset al 21

SM sector gravity sector



Supersymmetric Gravity Sector

Why should it matter if gravity is supersymmetric whe
the SM sector is not supersymmetric anyway

Auxiliary fields are important in the lemergy scalar
potential (and so also for naturalness argumernts)

Nonpropagatingg topologicalg fields play similarly
Important roles ireg Quantum Hall systems.

Auxiliary fields similarly start life as topological fields
In higher dimensions

BiellemanIbanez & Valenzuela 15
1509.04209



Yoga Models

Coupling to SM fields
There is a@ilatonsupermultiplet T = { +i1a , x}
Action arises as expansiordifatonfieldt 7= + |
GoldstinoXand other fields/ enter innonsupersymmetrigvay

P=e KB =1+ _k

3 S

k= ko(Y, V) +[kx (Y, V)X + h.c] + XX term |

2111.07286



Yoga Models

Coupling to SM fields
There is a@ilatonsupermultiplet T = { +i1a , x}
Action arises as expansiordifatonfieldt 7= + |
GoldstinoXand other fields/ enter innonsupersymmetrigvay

P=e KB =1+ _k

3 S

k=ko(Y,Y)+ [kx(Y,Y)X 4+ h.c.] + XX term

W =wo(Y) +wx(Y,Y)X
(- )

F* = €K/2KX§(’LU§ + Kg’wo)

_ Must keep this large to use nonlinearly realimr.‘.?y)




Yoga Models

Coupling to SM fields
There is a@ilatonsupermultiplet T = { +i1a , x}
Action arises as expansiordifatonfieldt 7= + |
GoldstinoXand other fields/ enter innonsupersymmetrigvay

Pi=e K3 =7k
k= ko(Y, ?) + [ky (Y, ?)X +IAS onposed to just thiIs

—
W = wo(Y) + wx (Y, V)X

F* = €K/2KX§(’LU§ + Kg’wo)

_ Must keep this large to use nonlinearly realimcty)

3 S




Overview

I 07)% + (0a)? N
EadNMg R | ( ) 7_2( ) | Em(g,uml»b)

Leading part of the axiodilaton: T =f +ia
matter/dark interactions _ G
has the form: Juv = e



Overview

07)% + (0a)? N
ﬁadNMg R | ( ) 7_2( ) | ﬁm(gumlp)

M, M,
msm X —= mV xX —

VT T

Thisactually workswumerically if Tmin 7 1028




Overview

Log~ M? |RA

071)? + (0a)? | 3
OT) 4 OO s L G )
M
m, o< —=
-
wy Awx B
2 3 4

w~, A, B functions of other fields and In 7
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Mgm X

Overview

(07)% + (Oa)?"

Mp
VT

V(1) >~ M;l

{O(m

S

2

42
wX
—= 4

2

)J NOT SMALL

F Lo (Guws )
M
M, X e
~
Aw | B |
7_3 | 7_4 |




Overview

I 01)% + (0a)?] 3
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M M
Mgm X 0 my, X —+
Yo :
o 5 A ) B i
~ 4 | W | Wx | |
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Conclusions

A cosmological constant is a great model for Dark Energy if you
do not care about how it embeds into the rest of physics

Technical Naturalness provides a huge clue for Dark Energy
_because what is required by phenomenological success Is
difficult to obtain in the lowenergy limit of known theories.

No known theory of Dark Energy yet threads the needle of
Technical Naturalness, but if one does it seems likely to also
Involve light scalars and potentially interesting evolution.

Yoga Models use a combination of accidental scale invariances and
supersymmetry of the gravity sector to provide a promising approach to
Technically Natural Dark Energy, though its ultimate success is not yet clear
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